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,QGXVWULDOVHFWRUV OLNHWH[WLOHVSODVWLFV LQGXVWU\SDSHU LQGXVWU\ WDQQLQJDUH ODUJHFRQVXPHUVRIZDWHUDQGXVH
VROXEOHV\QWKHWLFG\HVRUSLJPHQWVWRFRORUWKHLUSURGXFWV7KHLUSUHVHQFHLQZDWHULQWUDFHDPRXQWVLVXQGHVLUDEOH
HYHQ LI WKH FRORU LV JHQHUDOO\ QRW WR[LF 7KH UHPRYDO RI FRORU IURP D SURFHVV RU ZDVWH HIIOXHQWV EHFRPHV
HQYLURQPHQWDOO\LPSRUWDQW7RGD\LQ$OJHULDDERXWRIZDVWHZDWHULVWUHDWHG7KLVUDWHZLOOEHDURXQGLQ
 DW WKH FRPSOHWLRQ RI PRUH ZDWHU WUHDWHPHQW SURJUDPV 7KH PDQDJHPHQW RI ZDWHU UHVRXUFHV DQG ZDWHU
FRQVHUYDWLRQ KDV VHW D JRDO RI ]HUR GLVFKDUJH RI VHZDJH DW VHD DQG LQ WKH ZDGLV 6HYHUDO PHWKRGV KDYH EHHQ
GHYHORSHG IRU WKH WUHDWPHQW RI ZDVWHZDWHU FRQWDPLQDWHG ZLWK G\HV VXFK DV SKRWRFDWDO\WLF GHJUDGDWLRQ
HOHFWURFKHPLFDO GHJUDGDWLRQ FDWLRQ H[FKDQJH PHPEUDQHV ELRORJLFDO WUHDWPHQW HWF &ULQL DQG %DGRW 
$GVRUSWLRQSURFHVVHVDUHFRQVLGHUHGDV DQDOWHUQDWLYH IRU WKH WUHDWPHQWRI FRORUHGZDVWHZDWHU0RVW UHVHDUFKKDV
EHHQ FRQGXFWHG WR ILQG DQ DOWHUQDWLYH ORZFRVW DGVRUEHQWV WKDQ FRQYHQWLRQDO DGVRUEHQWV DFWLYDWHG FDUERQ $&
FRPPHUFLDO UHVLQVZKRVH SHUIRUPDQFHPD\ YDU\ IURP RQHPDWHULDO WR WKH RWKHU )RU H[DPSOH DFWLYDWHG FDUERQ
$&LVYHU\HIIHFWLYHIRUDFLGDQGEDVLFG\HVEXWLQHIIHFWLYHIRUGLVSHUVHGG\HVRUPHWDOOLIHURXV2QWKHRWKHUKDQG
FOD\VFDQDGVRUEHIIHFWLYHO\EDVLFG\HVDOVRSHDWLVSDUWLFXODUO\HIILFLHQWIRUEOHDFKLQJVROXWLRQVFRQWDLQLQJFDWLRQLF
G\HV EXW LW LV ORZHVW IRU DFLGLF G\HV 7KHUH LV QR NQRZQ PDWHULDO WR UHPRYH DOO W\SHV RI G\HV &RPSDUHG WR
FRQYHQWLRQDO DGVRUEHQWVPDWHULDOV EDVHG RQ FKLWRVDQ KDYH D QXPEHU RI DGYDQWDJHV &ULQL HW DO 5LQDXGR
7KLV LV DQ HFRORJLFDOO\ LQWHUHVWLQJSURGXFW WKDW KDV D VSHFLILF FKHPLFDO VWUXFWXUH DQG LV SRO\FDWLRQLF IURP
QDWXUDOSRO\PHUV$OVRFKLWRVDQLVDELRSRO\PHUZKLFKLVDPRQJWKHPRVWDEXQGDQWSRO\VDFFKDULGHVLQQDWXUHDIWHU
FHOOXORVHFRPPHUFLDOO\H[WUDFWHGIURPWKHVKHOOVRIFUXVWDFHDQV7KLVELRGHJUDGDEOHDQGELRFRPSDWLEOHELRSRO\PHU
LV LQWHUHVWLQJEHFDXVHRI LWVZLGH UDQJHRIDSSOLFDWLRQV .XPDU2QHRI WKHPRVW LPSRUWDQWDSSOLFDWLRQV LV
EDVHGRQLWVDELOLW\WRVWURQJO\DGVRUEDZLGHUDQJHRISROOXWDQWVLQFOXGLQJG\HVPROHFXOHV
7KH REMHFWLYH RI WKLV SDSHU LV WR LGHQWLI\ WKH PDLQ SDUDPHWHUV FRQWUROOLQJ WKH IL[DWLRQ RI PHWK\O RUDQJH E\
FKLWRVDQ)LJ7KHVWXG\RIDGVRUSWLRQSURSHUWLHVRIFKLWRVDQWKURXJKWKHGHWHUPLQDWLRQRIRSHUDWLQJSDUDPHWHUV
VXFKDVWKHHIIHFWRIS+WKHDGVRUSWLRQLVRWKHUPHIIHFWRIS+FRQFHQWUDWLRQRIWKHG\H7KHDSSURDFKZLOOIRFXV
RQ WKH VWXG\ RI DGVRUSWLRQ SKHQRPHQD RQ FKLWRVDQ WKURXJK WZR W\SHV RI H[SHULPHQWV NLQHWLFV DQG LVRWKHUPV RQ
EDWFKPHWKRG)LQDOO\DFKDUDFWHUL]DWLRQVWXG\RIFKLWRVDQE\)RXULHUWUDQVIRUPLQIUDUHGVSHFWURVFRS\,)75DQG
VFDQQLQJHOHFWURQPLFURVFRSH6(0EHIRUHDQGDIWHUDGVRUSWLRQZHUHFDUULHGRXW

)LJ&KHPLFDOVWUXFWXUHVRIFKLWRVDQDPHWK\ORUDQJHE
([SHULPHQWDOSURFHGXUH
2.1. Materials 
7KHFKLWRVDQXVHG LVVXSSOLHGE\ WKH$EHU6RFLHW\3ORXYLHQ)UDQFH,W LVREWDLQHGIURPWKHFUXVWDFHDQVKHOOV
FKLWLQ H[WUDFWLRQ DQG LW LV SUHVHQWHG LQ D UDZ VWDWH DV D  PP VL]H IODNHV ,W LV FKDUDFWHUL]HG E\ DQ DYHUDJH
GHDFHW\ODWLRQUDWHQHDUDQGDQDYHUDJHPROHFXODUZHLJKW0:ZDVDERXWJPRO*XLEDOHWDO
7KHELRVRUEHQWVXVHGIRUVRUSWLRQDUHREWDLQHGE\JULQGLQJ-.&UXVKHU,.$/DERUWHFKQLN8QLYHUVDOPKOH0
DQGVLHYLQJVLHYH6WDLQOHVV26,1);DFFRUGLQJWRWKHSDUWLFOHVL]HGLVWULEXWLRQUHSDUWLWLRQ$QDO\WLFDOJUDGH
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PHWK\ORUDQJH&+11D26PROHFXODUZHLJKWZDVREWDLQHGIURP0HUFNDQGZDVXVHGDVUHFHLYHG
7KHG\HVROXWLRQZDVSUHSDUHGDWWKHGHVLUHGFRQFHQWUDWLRQXVLQJGLVWLOOHGZDWHU

2.2. Batch adsorption experiments 
$GVRUSWLRQPHDVXUHPHQWVRQFKLWRVDQZHUHFDUULHGRXWLQEDWFKSURFHVV$GHVLUHGDPRXQWRIWKHDGVRUEHQWZDV
DGGHG WRP/RI WKH02VROXWLRQ YDULRXVFRQFHQWUDWLRQV7KHGHVLUHGS+ZDVDFKLHYHGE\DGMXVWPHQWZLWK
0+&ORU01D2+7KHPL[WXUHZDVVWLUUHGPDJQHWLFDOO\DW URRP WHPSHUDWXUHDQGUSPDQGVDPSOHV
ZHUH FROOHFWHG IURP WKH H[SHULPHQWDO IODVN DW SUHGHWHUPLQHG WLPH LQWHUYDOV XQWLO WKH DGVRUSWLRQ HTXLOLEULXPZDV
UHDFKHG7KHG\H VROXWLRQZDV VHSDUDWHG IURP WKH DGVRUEHQWE\ FHQWULIXJDWLRQ DW  USP IRU PLQ DQG WKH
UHVLGXDOG\HFRQFHQWUDWLRQVLQWKHVROXWLRQVDQGPHDVXUHGXVLQJ89±YLVVSHFWURSKRWRPHWHU$OOH[SHULPHQWVZHUH
FDUULHGRXWLQGXSOLFDWH
2.3. Adsorption capacity measurement 
7KHDQDO\VLVRIFRQFHQWUDWLRQRI02ZDVFDUULHGRXWE\PHDVXULQJRIWKHDEVRUEDQFHRI02DWQPE\XVLQJ
D89 VSHFWURPHWHU 0RGHO%LRPDWH899LV 6SHFWURSKRWRPHWHU DEVRUEDQFHPD[LPXP  QP$ FDOLEUDWLRQ
FXUYH ZDV SORWWHG EHWZHHQ WKH DEVRUEDQFH DQG WKH FRQFHQWUDWLRQ RI WKH02 VROXWLRQ WR REWDLQ WKH DEVRUEDQFH±
FRQFHQWUDWLRQ SURILOH 7KH DPRXQW RI 02 XSWDNH SHU XQLW RI DGVRUEHQW T ZDV FDOFXODWHG XVLQJ WKH IROORZLQJ
HTXDWLRQV
ݍ̴݁ ൌ ሺ̴ሺͲሻ െ ̴ሺሻሻȀ

ZKHUH&LLVWKHLQLWLDO02FRQFHQWUDWLRQPJ/í&HLVWKH02FRQFHQWUDWLRQDWWKHDGVRUSWLRQHTXLOLEULXPPJ
/í9LVWKHYROXPHRI02VROXWLRQ/DQGPLVWKHZHLJKWRIWKHFKLWRVDQJ7KHFRQFHQWUDWLRQRIUHVLGXDOG\H
LQWKHVROXWLRQZDVGHWHUPLQHGE\89VSHFWURSKRWRPHWU\
2.4. Material characterization 
6DPSOHV RI FKLWRVDQ IUDFWLRQ * FKDUDFWHUL]HG E\ (QYLURQPHQWDO 6FDQQLQJ (OHFWURQ 0LFURVFRSH (6(0
4XDQWD )(*  7KHPRUSKRORJ\ SRURVLW\ SDUWLFOH VL]H DQG VXUIDFH URXJKQHVV RI WKH FKLWRVDQZHUH DQDO\]HG
)7,5VSHFWUDZHUHREWDLQHGXVLQJD6+,0$'=86VSHFWURPHWHU
5HVXOWVDQGGLVFXVVLRQ
3.1. Characteristics of the adsorbent material 
x )RXULHU7UDQVIRUP,QIUDUHG6SHFWURVFRS\
&KLWRVDQ D QDWXUDO OLQHDU FRSRO\PHU WKDW LV SULPDULO\ FRPSRVHG RI ȕ ĺ OLQNHG DPLQRGHR[\G
JOXFRS\UDQRVHXQLWVDQGUHVLGXDODFHWDPLGRGHR[\GJOXFRS\UDQRVHXQLWVLVDFKHPLFDOGHULYDWLYHREWDLQHGE\
DONDOLQHGHDFHW\ODWLRQRIFKLWLQDQGLVDOVRIRXQGQDWXUDOO\LQVRPHIXQJDOFHOOZDOOV&KLWRVDQKDVGUDZQSDUWLFXODU
DWWHQWLRQ DV HIIHFWLYH ELRVRUEHQW GXH WR LWV KLJK FRQWHQWV RI DPLQR DQGK\GUR[\O IXQFWLRQDO JURXSV VKRZLQJKLJK
DGVRUSWLRQ SRWHQWLDO IRU YDULRXV SROOXWDQWV )7,5 VSHFWUD IRU FKLWRVDQ ZHUH UHFRUGHG EHIRUH DQG DIWHU 02
ELRVRUSWLRQ)LJ7KHODUJHDQGLQWHQVHEDQGVORFDWHGDWDQGFPBFDQEHDWWULEXWHGWRD[LDO2+DQG
1+ JURXS YLEUDWLRQV ZKLFK DUH PRVW HYLGHQW LQ WKH FKLWRVDQ VSHFWUD EHIRUH VRUSWLRQ 2Q WKH RWKHU KDQG WKH
DEVRUSWLRQEDQGDWFPBFDQEHDVVLJQHG WR WKHK\GURJHQERQGEHWZHHQ2+RQFDUERQRI WKHELRSRO\PHU
VWUXFWXUHZLWKWKHFDUERQ\ODFHWDPLGHJURXS7KHPDLQGLIIHUHQFHVFDQEHREVHUYHGDLQWKHUDQJHFP
ZKHUHWKHZLGWKRIWKHEURDGEDQGLVUHGXFHGVKDUSHUDQGPRUHGHFLGHGHGJHDWEFPZKHUHWKHSHDNLV
OHVVSURQRXQFHGDQGDWRFPDQGFP ZKHUHWKHSHDNVDUHVOLJKWO\UHGXFHG7KLVKLQWVDWDPLQH
DPLGHLQYROYHPHQWZLWKWKHIXQFWLRQDOJURXSVRIFKLWRVDQ

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
)LJ)7,56SHFWUDRI$FKLWRVDQEHIRUHDDQGDIWHUE02VRUSWLRQ
x 6FDQQLQJHOHFWURQPLFURVFRS\6(0
&KLWRVDQ ZHUH REVHUYHG E\ VFDQQLQJ HOHFWURQ PLFURVFRSH 7KH UHVXOWV VKRZ WKDW UDZ FKLWRVDQ KDV D VPRRWK
VXUIDFH DQG LUUHJXODU PRUSKRORJ\ )LJ  D DQG  E 7KH FKLWRVDQ XVHG LQ WKLV VWXG\ KDV D KRPRJHQHRXV DQG
XQLIRUPVWUXFWXUH7KHPLFURVFRSHREVHUYDWLRQFRQILUPVWKHSUHVHQFHRIPDFURVSRUH)LJVKRZVWKH6(0('$;
DQDO\VLVEHIRUHDQGDIWHUDGVRUSWLRQRIPHWK\ORUDQJH02,WFDQEHVHHQDIWHUDGVRUSWLRQRIPHWK\ORUDQJH02
WKDWFKLWRVDQLVWRWDOO\HPEHGGHGLQWKHVXUIDFH


)LJ6(0LPDJHVIRUFKLWRVDQ
DEHIRUHDGVRUSWLRQPEFKLWRVDQDIWHUDGVRUSWLRQRI02P
3.2. Adsorption studies 
7KH HTXLOLEULXP DGVRUSWLRQ LVRWKHUP RI PHWK\O RUDQJH IURP DQ DTXHRXV VROXWLRQ XVLQJ FKLWRVDQ SRZGHU ZDV
LQYHVWLJDWHG LQ EDWFK ,Q WKLV VWXG\ WZR PRGHOV FRPPRQO\ XVHG WKH )UHXQGOLFK  DQG /DQJPXLU 
LVRWKHUP ZHUH DSSOLHG WR XQGHUVWDQG WKH G\H±FKLWRVDQ LQWHUDFWLRQ 7KH /DQJPXLU LVRWKHUP LV EDVHG RQ WKH
DVVXPSWLRQ RI PRQROD\HU DGVRUSWLRQ RQWR D VXUIDFH FRQWDLQLQJ D ILQLWH QXPEHU RI DGVRUSWLRQ VLWHV RI XQLIRUP
HQHUJLHVRIDGVRUSWLRQ7KH)UHXQGOLFKLVRWKHUPGHVFULEHVDKHWHURJHQHRXVV\VWHPDQGUHYHUVLEOHDGVRUSWLRQDQGLV
QRW UHVWULFWHG WR PRQROD\HU IRUPDWLRQ 7KH /DQJPXLU DGVRUSWLRQ PRGHO LV EDVHG RQ WKH DVVXPSWLRQ WKDW WKH
PD[LPXP DGVRUSWLRQ FRUUHVSRQGV WR D VDWXUDWHG PRQROD\HU RI VROXWH PROHFXOHV RQ WKH DGVRUEHQW VXUIDFH 7KH
HTXDWLRQLVJLYHQDV
ݍ௘ ൌ ୫ୣȀͳ ൅ ୣ

,Q(TTHUHSUHVHQWVWKHFRQFHQWUDWLRQDWHTXLOLEULXPLQWKHVROLGTPLVWKHPD[LPXPDPRXQWRIDGVRUSWLRQ
RU /DQJPXLUPRQROD\HU VRUSWLRQ FDSDFLW\ PJ J E LV WKH /DQJPXLU FRQVWDQW /PJí  &H LV WKH HTXLOLEULXP
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FRQFHQWUDWLRQRIPHWDO LQ VROXWLRQ PJ/íZKHUH TPDQGE DUH WKHPRQROD\HUPD[LPXPDGVRUSWLRQ FDSDFLW\ DW
VDWXUDWLRQ DQG WKH FRQVWDQW HTXLOLEULXP DGVRUSWLRQ LQGLFDWLQJ WKH DIILQLW\ EHWZHHQ WKH VROLG DQG WKH DGVRUEHQW
UHVSHFWLYHO\ 7KH SDUDPHWHU TP DQG E DUH FDOFXODWHG IURP WKH VORSHV DQG LQWHUFHSW EHKLQG WKH OLQHV ZDV
PDWKHPDWLFDOO\H[SUHVVHGE\OLQHDUL]HG(TXDWLRQ

 ଵ
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